
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 25 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Separation Science and Technology
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713708471

Anion Exchange Selectivity in Water-Dioxane Medium
C. S. Narkea; K. S. Matha

a DEPARTMENT OF CHEMISTRY, KARNATAK UNIVERSITY, DHARWAD, INDIA

To cite this Article Narke, C. S. and Math, K. S.(1979) 'Anion Exchange Selectivity in Water-Dioxane Medium', Separation
Science and Technology, 14: 1, 55 — 67
To link to this Article: DOI: 10.1080/01496397908057144
URL: http://dx.doi.org/10.1080/01496397908057144

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713708471
http://dx.doi.org/10.1080/01496397908057144
http://www.informaworld.com/terms-and-conditions-of-access.pdf


SEPARATION SCIENCE AND TECHNOLOGY, 14(1), pp. 55-67, 1979 

Anion Exchange Selectivity in Water-Dioxane Medium * 

C .  S. NARKE and K. S .  MATH 
DEPARTMENT OF CHEMISTRY 
KARNATAK UNIVERSITY 
DHARWAD 580003, INDIA 

Abstract 

A systematic study of the exchange behavior of the simple monovalent 
anions C104-, I - ,  CNS-, and CI- as a function of the water-dioxane solvent 
compositions 0, 20,45, 70, and 82% w/w at 303 0.1 O K  on strong base anion 
exchangers such as Dowex I-X1, Dowex 1-X2, and Dowex 1-X4 as well as on 
two weak base anion exchange resins (Dowex-3 and Amberlyst A-21) was 
carried out. The results are analyzed in terms of models proposed by Diamond 
and Reichenberg. The results agree qualitatively with the above models but fail 
to provide quantitative agreement. 

I NTRO DUCT10 N 

The application of ion-exchange principles to effect difficult separations 
and other industrial uses has far outstripped our understanding of the 
mechanism of the ion exchange itself (1-3). 

The profound influence of water-soluble organic solvents (in the external 
phase) on ion-exchange reactions has been recognized and applied in a 
variety of ways. However, systematic studies of simple anions in these 
mixed solvents are sparse. Following the work of Diamond et al. (4-6) 
and Bhat (7), ion-exchange equilibria among a few simple inorganic anions 
in water-dioxane mixed medium were investigated with a view to learning 
the influence of water-soluble aprotic dioxane. The exchange studies were 

*Based on the thesis submitted by C. S. Narke to Karnatak University, Dharwad, 
India, for the Ph.D. degree. 
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56 NARKE AND MATH 

made with the chloride form of the resin as the reference and the mono- 
valent ions (C10,-, I-, CNS-) as the counterions. 

The exchange behavior of these three counterions versus the chloride 
was investigated as a function of the water-dioxane solvent compositions 
at 303 f 0.1 OK on strong base anion exchangers such as Dowex 1-XI, 
Dowex 1-X2, and Dowex 1-X4. To illustrate the possible effect of the 
nature of the fixed co-ions on the resin, the selectivity coefficients of per- 
chlorate versus chloride on weak base exchangers such as Dowex-3 and 
Amberlyst A-21 were studied. The results are discussed in terms of the 
models proposed by Reichenberg (8) and Diamond (5). 

E X  PE RI  MENTAL 

Ion-Exchange Resins 

Dowex I-X1, Dowex 1-X2, and Dowex 1-X4 (A.R. grade, J. T. Baker 
Chemical Co., 50-100 mesh beads) were first conditioned in a column 
by alternating large excesses of 0.5 M sodium hydroxide and 1.0 M hydro- 
chloric acid. The resin beads were converted into the chloride form by 
hydrochloric acid and washed free from chloride. The air-dried con- 
ditioned chloride form resin beads were stored in a stoppered polyethylene 
bottle until needed. The moisture content of these beads was determined 
in a separate experiment by carefully drying at 330 1°K. An average 
value of 20 f 1 wt-% was obtained for these resins. 

The specific capacity of these resins was determined by eluting a known 
weight of them with a large excess of 2 M KNO, and determining the 
displaced chloride by Volhard’s method. The average capacity for all 
three types of resins was found to be 3.5 k 0.2 meq/g of air-dried resins. 

The weak base anion exchangers Dowex-3 (20-50 mesh) and Amberlyst 
A-21 (16-20 mesh), conditioned in the same manner, were converted 
into the OH-form and air-dried before storing. Their specific capacities 
were determined indirectly by the graphical extrapolation method and 
were found to be 4.2 0.2 and 4.1 0.2 meq/g of air-dried resins, 
respectively. 

Solvents and Other Reagents 

All the chemicals used were of analytical grade. Analytical grade 1,4- 
dioxane was further refluxed over sodium metal and freshly distilled before 
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ANION EXCHANGE SELECTIVITY IN WATER-DIOXANE MEDIUM 57 

use. The solvent mixtures containing 20, 45, 70, and 82 % w/w of dioxane 
were prepared by mixing the appropriate amounts of dioxane and water. 

The standard solutions of various salts were usually prepared by 
dissolving the weighed amounts of the corresponding salts in the ap- 
propriate solvent except in the case of solutions with 82 % dioxane-water 
mixtures. In this case the requisite quantity of the salt was first dissolved 
completely in a small but known amount of water followed by the addition 
of sufficient dioxane to give the solvent composition of 82 % dioxane and 
18 % water. The solution thus prepared was further diluted as required by 
adding the water-dioxane mixed solvent of the same composition. 

All the weighings were done on a Mettler B-6 balance to a precision of 
0.2 mg. The composition of the solution phase after each equilibration 
was determined by a suitable volumetric method. 

Determination of Selectivity Coefficient 

In each experiment a known amount of the air-dried resin beads was 
placed in a stoppered flask. Measured volumes of the prepared salt solu- 
tions of 0.05 M were added in different proportions. These flasks were 
stoppered and shaken in a water thermostat maintained at 303 k 0.1 "K 
for about 12 hr. In a separate experiment it was established that shaking 
for about 5 hr was sufficient for equilibration even for the slowest exchange 
rate involving 82 % dioxane-water solutions. After equilibration, aliquots 
of solutions were pipetted out and the concentrations of the ions were 
determined by appropriate volumetric techniques. These data, together 
with the previously determined capacity of the resin, were used to evaluate 
the selectivity coefficient Kcxy for each loading. The values of Kcxy at 
different loadings, from 0.2 to 0.8 mole fraction of the resin phase, were 
thus determined. Potassium or sodium was used as the common co-ion 
with the strong base anion exchangers, and hydrogen ion was the common 
co-ion for the weak base anion exchangers. Further details of the ex- 
perimental procedures were presented earlier (9). 

RESULTS AND D I S C U S S I O N  

Considering the ion exchange reaction 

RX + MY,, RY + MX,, 

as a thermodynamic equilibrium, one can write the following expression 
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58 NARKE AND MATH 

for the equilibrium constant, after Gaines and Thomas (10): 

a,(Nnx = 1) 
n,d In a, (2) 

where KLxy is the corrected and averaged selectivity coefficient, n, is the 
number of moles of water associated with one equivalent of exchanger, 
the a,'s are the corresponding activities of water, and mRy and NRx are 
the equivalent fractions of RY and RX resin forms, respectively. 

The experimentally determined selectivity coefficients Kcxy at a number 
of selected values of mRy were fitted into a quadratic least-squares ex- 
pression, and the average selectivity coefficient Kixy for each pair of ex- 
changing counterions was computed using a BESM-6 computer. The 
corrections for the activity coefficient ratios ( f I ; " M x r i M Y )  for the external 
solution phase were calculated by the method of Robinson and Stokes 
( I ] ) ,  and the corresponding corrected and averaged selectivity coefficients 
K i x y  were evaluated using the following approximate equation : 

-1 a w = l  ( N R Y = ~ )  

aw(NRY = 1 ) s a,,.= 1 (NRx= 1)  
n,d In a, + 

f l  

where f:MX and f : M y  are the mean molal activity coefficients of the 
electrolytes MX and MY, respectively, when they are present alone 
in aqueous solution at a given molality. 

The presently available data to evaluate the remaining three integrals, 
viz., the 2nd, 3rd and 4th in Eq. (2) ,  are so sparse that these corrections 
were not applied in all cases. In addition, the corrections for the 2nd, 
3rd, and 4th integrals of Eq. (2) are insignificant, as shown below. 

log Ka,,' = 0.900 - 0.0002 - 0.007 + 0.009 

= 0.9018 

The averaged and corrected selectivity coefficients Kaxy in an aqueous 

In dioxane-water mixed solvent, Eq. (3) is modified to take account 
medium for different systems are summarized in Table 1. 

of the change of the solvent nature. It can be represented 

log Kcxy d m R Y  + 2 log (f* Mx/!f* MY) log Kixy = 1: 
= log K:xy + log Q' 
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ANION EXCHANGE SELECTIVITY IN WATER-DIOXANE MEDIUM 59 

TABLE 1 

Corrected and Averaged Selectivity Coefficient KiCly  in Aqueous Medium 
(total ionic strength, 0.05) 

Resin log K:c1'lo4 

Dowex 1-X4 0.90 
Dowex 1-X2 0.91 
Dowex 1-X1 0.68 
Dowex-3 - 
Amberlyst A-21 - 

0.96 
0.80 
0.93 

1.64 
1.62 
1.64 
0.38 
0.82 

where Q' involves solvent activity terms and activity coefficient corrections 
for the difference in the standard states of the resin and the external solu- 
tion phase (12). The first term on the right-hand side of Eq. (4) was com- 
puted as for an aqueous medium; for the second term the activity coef- 
ficient ratio of the two counterions in dioxane-water medium was taken 
as equivalent to the one in aqueous medium per Harned's second rule 
(13). Due to a paucity of data, the value of Q' was not evaluated. The 
averaged and corrected selectivity coefficients log K:c,y in dioxane-water 
media thus computed are summarized in Table 2. 

As can be seen from Table 1, the order of selectivity of the. three strong 

TABLE 2 
Averaged and Corrected Selectivity Coefficients (K:cly) in Dioxane-Water 

Medium at 303.0 0.1 "K 

log K e l Y  at % (dioxane w/w) 
Exchanging 

ion Exchanger 20.0 45.0 70.0 82.0 

I-  Dowex 1-X4 0.58 
Dowex 1-X2 0.67 
Dowex 1-X1 0.74 

CNS- Dowex 1-X4 0.81 
Dowex 1-X2 0.71 
Dowex 1-X1 0.80 

a04 - Dowex 1-X4 1.29 
Dowex 1-X2 1.43 
Dowex 1-X1 1.15 
Dowex-3 0.02 - 
Amberlyst A-21 0.66 

0.39" 
0.37 
0.47 

0.48" 
0.41 
0.38 

1.15" 
0.91 
0.80 

0.39 
.0.28 

0.17 
0.24 

-0.12 

0.10 
0.01 
0.20 

0.51 
0.34 
0.1 1 

-1.20 
-0.27 

0.01 
0.22 

-0.32 
-0.15 
-0.03 
-0.23 

0.06 
0.15 

-0.08 
- 1.49 
- 

~~ ~ ~ 

The dioxane content is 40% (w/w) instead of 45% (w/w). 
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60 NARKE AND MATH 

base exchangers (Dowex 1-X4, Dowex 1-X2, and Dowex 1-Xl) in the 
aqueous medium is the same, viz., ClO,- > CNS- > I -  > C1-, and 
is in good agreement with the order of the selectivities (1.98, 1.38, and 
1.13) obtained by Bhat (7) on Dowex 1-X8 at 0.1 Mionic strengthand with 
that of Jensen and Diamond (14) for I- > Cl-. However, a quantitative 
comparison among the three is not feasible because of finite differences 
in the experimental details. Bhat's measurements were on Dowex I-X8 
at an ionic strength of 0. I M ,  and those of Diamond and Jensen (14) were 
by tracer anions. This observation in the aqueous medium supports the 
model developed by Diamond (5). Among the four counterions, the 
C1- ion in water at the dilution employed in the present work exhibits 
the highest hydration energy (15), and is shown in Table 3. 

According to Diamond's model, the smaller anion would be in the 
external aqueous phase, and this is in excellent agreement with the ob- 
served selectivity order. For still larger monovalent ions such as C10,- 
and ReO,-, this model suggests that selectivity is further enhanced by 
the entropy effect (16), i.e., these large anions tend to tighten up the water 
structure surrounding them in the same way as do hydrophobic molecules. 
This expectation is borne out in our experiment where K&y for C10,- 
is nearly a log unit larger than for I- (Table 1). 

Though the difference between the free energy of hydration and the 
standard free energy change of the ion exchange reaction shows a similar 
qualitative trend, quantitatively the difference is large (Table 3). This 

TABLE 3 

AG$,)  of Monovalent Anions and AG;,,'' Values for Exchangers on Strong 
Base Exchangers at 303.O"K 

Free energy of Difference between free 
hydration energies of hydration Standard free energy change 

(-AG;h)) in (AG&3(h) - AGyOf(hJ in of an ion-exchange reaction 
Anion kcal/rnole kcal/mole (AG&y') in kcal/mole 

c1- 79 0.0 0.00 
Br- 72 - 7  -0.57 (15) 
I- 64 -15 -1.5lb -1.54 (7) -1.26' 
N01- 69 -10 -0.75* -0.72 (7) 
CNS - (55)' - 24 -1.63' -1.88 (7) -1.34' 
c10, - 50 -29 -2.35b -2.69 (7) -2.29' 

~~~ ~ ~~ 

Estimated. 
K. Gartner, Phys. Chem. (Leiprig), 223, 132 (1963). 
Present work. 
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ANION EXCHANGE SELECTIVITY IN WATER-DIOXANE MEDIUM 61 

suggests that even in aqueous media, the mechanism of ion exchange 
may not be as simple as assumed in Diamond’s model. 

In the case of two weak base anion exchangers (Dowex-3 and Amberlyst 
A-21), the average selectivity coefficients for the preferred ClO,- ion are 
considerably smaller, indicating a possible bonding type of interaction. 

Adding dioxane to the aqueous solution generally decreases the average 
selectivity coefficients KLXy for all three pairs of ions investigated: ClO,-- 
C1-, CNS--Cl-, and I--CI-. This reduction is largest in C104--Cl- 
and smallest in I--Cl- (Figs. 1-3). In fact, there is a crossover in the 
selectivity order between CNS- and I- at around 55% dioxane-water 
composition. 

The actual solvent composition at equilibrium may not be the same as 
the initial composition. In fact, Jensen and Diamond (14) reported that 
up to an external solution dioxane mole fraction of 0.8, the resin phase 
mole fraction is only lj2 to 1/3 that of the external solution at equilibrium. 

The partial replacement of water in the aqueous solution by dioxane 
apparently has three effects. First, dioxane does not possess any acidic 
hydrogen capable of hydrogen bonding to the anion as does the water 
molecule. Thus the mixed solvent will become a poorer solvating agent 
for anions. If we accept the single ion activity coefficient concept, then 

-b DOXANE ( W / W  1 

FIG. 1. Selectivity coefficients of CIO,-, CNS-, and I -  as a function of 
dioxane-water composition on Dowex 1-X4. 
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- 

1.0 - 

4 -  
0.0 - 

I I I I I I I I I 
20 40 60 80 

% DIOXANE ( W I W )  

FIG. 2. Selectivity coefficients of C104-, CNS-, and I -  as a function of 
dioxane-water composition on Dowex 1-X2. 

these activity coefficients will increase steeply for anions with an increase 
in dioxane content, and more so the smaller and more basic the anion 
(17). Second, the dioxane molecule will act as a base toward the water 
molecules, competing with the anions for hydrogen bonding to the water 
and breaking up the hydrogen-bonded water structure. Finally, the 
addition of dioxane reduces the dielectric constant of that medium (18). 

For these reasons the dioxane-water provides a much poorer solvating 
medium for the anion than does water. The effect is more marked the 
higher the basicity and the higher the field strength of the anions. In fact, 
the observation of Diamond and Jensen (14) that the resin phase contains 
a higher mole fraction of water than the external solution phsse can be 
explained in terms of the above-mentioned effects. The resin phase with 
its fixed sites and mobile counterions will have a high chsrge density, 
and hence the reduction in dielectric constant on the addition of dioxane 
will have a much larger increase in the electrostatic free energy than the 
corresponding effect in the external phase. So, to keep the total free energy 
of a system to a minimum, water will preferentially go into the resin phase 
to provide electrostatic solvation. Thus the increase in dioxane con- 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
0
4
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1
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20 40 60 00 

*/o DIOXANE ( W f W  

FIG. 3 .  Selectivity coefficients of Clod-, CNS-, and I- as a function of 
dioxane-water composition on Dowex I-XI. 

centration in the total system will result in a disproportionate excess of 
water in the resin phase, and the superiority of the external solution over 
the resin phase for solvating smaller anions decreases. This explanation 
supports the observed decrease in the selectivity coefficient for the pre- 
ferred ion in going from pure aqueous to 82% dioxane-water solvent 
(Table 2) .  

According to the model of Diamond, the preferential selectivity of 
C10,- on the strong base resins in dioxane-water medium should decrease 
quite rapidly with an increase in dioxane content, both because of the 
reduction in superiority in the external solution for solvating C1- ions 
and the loss of water-structure-enforced ion pairing inside the resin 
phase. The results of the present investigation clearly support this conten- 
tion (Figs. 1-3). The reduction in selectivity of CNS- and I- on dioxane 
addition is less steep because, in these two cases, the water-structure- 
enforced ion pairing contribution to the selectivity is less significant. 

Thus dioxane addition results in reducing the relative solvation free 
energy change for the exchange reaction and therefore keeps a higher 
percentage of smaller chloride ions in the resin phase compared to the 
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64 NARKE AND MATH 

aqueous phase. In fact, on Dowex 1-X1 at the highest dioxane concentra- 
tion (82%) used in the present study, CI- becomes the preferred ion. Thus 
the results observed here with strong base exchangers support the model 
of Diamond for the origin of selectivity as the result of the competition of 
the counterions for that phase which provides the best solvation, thereby 
minimizing the free energy of the total system. No significant effect of 
cross-linkage was observed for the three strong base exchangers studied 
for any ion pair. 

It is very difficult to give a definite explanation for these observed 
selectivity reversals on Dowex I -X 1 at higher dioxane concentrations. 
The reversal observed could not be unequivocally established as a real 
one, or the reversal could be due to the nonexchange ion invasion. Jensen 
and Diamond (14) have reported a significant nonexchange ion invasion 
at very high dioxane content. Though we have not specifically investigated 
this aspect, we believe that the magnitude of this observed effect is about 
the same as that reported by them. 

A direct quantitative Lomparison of the results for I-  and C1- in the 
present investigation and that of Jensen and Diamond could not be made 
since they give only tracer distribution D. But the selectivity order I -  > 
C1-, as well as the considerable reduction of selectivity of I -  with the 
addition of dioxane, are in excellent agreement. No other data are availa- 
ble in the literature concerning the exchange of simple anions in a water- 
dioxane medium. 

The possible influence of Bjerrum-type ion pairing, particularly in 
low dielectric water-dioxane mixtures, on the selectivity coefficients KlXy 
has not been considered. If this type of ion pairs formation in the external 
solution phase as a result of a lower dielectric constant of the mixed 
solvent medium was the cause of a smaller reduction in the KlXy values 
than expected on the basis of solvation difference, changing the field 
strength of the fixed exchange sites of the resins by substituting a weakly 
basic tertiary ammonium ion for the strongly basic quarternary ammonium 
ion of Dowex 1 should reverse this effect. 

With this in view, exchange studies of C104--CI- on weakly basic 
exchangers (the gel-type Dowex-3 and a macroreticular resin, Amberlyst 
A-21) were carried out at pH 1.05. The results are summsrized in Table 2 
and Fig. 4. As expected, in both cases the absolute magnitudes of the 
averaged and corrected selectivities are smaller than the corresponding 
values observed on Dowex 1-X4, Dowex 1-X2, and Dowex 1-XI for 
C10,- vs Cl-. In the case of Dowex-3, the selectivity decreased rather 
drastically after 40% dioxane. In fact, in solvents having a higher dioxane 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
0
4
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



ANION EXCHANGE SELECTIVITY IN WATER-DIOXANE MEDIUM 65 

. ' - I  I 
dL 0 AMBERLYST-A21 

OOWEX-3 

- 
- 

Q 0 
* -  - u u  
r o  * -  
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3 -  
-1.0 - 

- 
- 
- 
- 

1 I I I I I 1 I _  
20 40 60 80 

O/o OIOXANE ( W / W )  

FIG. 4. Selectivity coefficient of C104- as a function of dioxane-water composi- 
tion on Dowex-3 and Amberlyst A-21. 

content, it is the Cl- that is preferred, and the explanation proposed on 
the basis of the present model is justified. 

However, the observation on Amberlyst A-21 is not so easily ex- 
plainable. No doubt, the K:Ly4 were smaller than the corresponding 
ones on the strong base exchangers, but the reduction in KaCY is smaller 
than expected. To what extent this can be attributed to the mzcroreticular 
pores sizes is not clear. Further work is necessary to determine this. 

The results of the present anion exchange studies of CIO,-, I-, CNS-, 
and C1- in a water-dioxane medium can be explained qualitatively in 
terms of the models proposed by Diamond (5) and Reichenberg (8). The 
observed selectivity coefficient varies rather significantly with the resin 
phase composition both in aqueous medium and in water-dioxane solvent. 
As an example, the observed selectivity coefficient for the exchange of 
C10,- vs C1- on Dowex I-X1 as a function of loading is shown in Fig. 5. 
A satisfactory explanation as to the origin of this variation is yet to 
be given. A theory which can provide a quantitative description of the ion- 
exchange selectivity in terms of the physicochemical properties of the 
resin and the external solution phase is needed. Reliable exchange selec- 
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u 
3 

\ 
DIOXANE ( W / W  ) A 0 Ofo, 0 20 % , 0 45 Ofo, - 

70%, X 02 % / 

2.0 - I 

- 

0.20 0.40 - 0.60 0.80 1.0 

FIG. 5 .  Selectivity coefficient of (210,- as a function of resin phase composition 
on Dowex 1-X1. 

tivity data for well-characterized systems along with thermodynamic 
properties of mixed electrolyte solutions would go a long way in providing 
the broad base required for the evolution of such a theory. 
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